Bicoherence was computed for a number of discharges having confinement transitions, either induced by biasing or spontaneous, at the TJ-II stellarator. The bicoherence was computed for a variety of signals obtained using a reciprocating Langmuir probe system, but the main emphasis here is on the analysis of the poloidal electric field (E θ ).
Introduction
In the flexible heliac TJ-II, confinement transitions are observed, which can be either induced (by applying biasing) or spontaneous. The improved confinement state is characterized mainly by a higher (energy and particle) confinement time, which is reflected in, e.g., a higher value of the electron density and correspondingly higher values of the density gradient near the edge. The confinement transition is associated with the formation of a sheared flow layer in the edge plasma [1] .
Sheared flow is an important theoretical ingredient of models attempting to explain such confinement transitions [2] . Recently, both diagnostic and theoretical developments have sparked renewed efforts directed towards the detection of the effects predicted by such theories [3, 4] . The theories assume that sheared flow is responsible for the establishment of an edge transport barrier, by means of a negative feedback between the sheared flow amplitude and the turbulence amplitude. On the other hand, the sheared flow itself is presumed to be generated by the turbulent fluctuations via an inverse energy cascade (from high to low wave-numbers). The detection of this inverse cascade is, however, not trivial [5] . Thus, most efforts in this respect have centred on the detection of mode coupling by means of bicoherence, using various turbulent signals (but mostly Langmuir probes) [5] [6] [7] [8] [9] [10] .
The goal of this paper is to study the bicoherence during forced and spontaneous confinement transitions at TJ-II. As pointed out in [5] , not much is known about the behaviour of the bicoherence during confinement transitions. Such transitions are characterized by a critical point (a bifurcation). The experimental difficulty resides in the fact that the critical point is unstable and, typically, plasmas are either far below or far above the critical condition, and if the transition is made, it occurs very fast. The stellarator TJ-II is in a unique position to investigate this issue due to the specific magnetic configuration of this device: the transitions at TJ-II are 'soft' and the plasma can remain close to the transition for some time and cross the critical point 'slowly', thus allowing a study of the evolution of parameters during the transition.
The outline of this paper is as follows: first, we discuss the experimental set-up and methods used, and then we present the results from biasing experiments and spontaneous transitions. Finally, we present a discussion and draw some conclusions. 
Experimental set-up and methods
In this paper, we will analyse discharges with either forced or spontaneous confinement transitions at the TJ-II stellarator, which is a flexible heliac [11] . The plasmas studied have a toroidal magnetic field of B T = 1 T, a major radius of R = 1.5 m, a mean minor radius of a = 0.22 m and a rotational transform of ι(a) ∼ 1.6-1.8. Heating is done using electron cyclotron resonant heating, with power P ECRH = 200-400 kW. The forced confinement transitions are induced using external biasing. The discharges studied here have been analysed before from a different perspective in [1] . The spontaneous confinement transitions are related to slow changes in the mean plasma density [12] .
The data are taken with a reciprocating probe system sampling at 2 MHz, described in more detail in [13] . The probe head contains three probe sets, each set consisting of three pins (figure 1). In each set, two pins measure the floating potential, and one the ion saturation current.
The signals analysed in this paper are the floating potential V f , the ion saturation current I sat , the poloidal electric field
f are measured at two probe tips of probe set p 2 , separated by a distance of approximately θ = 3 mm in the poloidal direction) and the fluctuating particle flux˜ ∝Ĩ satẼθ (where the tilde means the fluctuating part of the signal). In addition, we compute the radial electric field E r by
where r is the radial separation of probe set 1 and probe set 2. We note that the alignment of these two probe sets is only approximately radial, and furthermore p 1 is partially shaded.
The analyses will be done using a standard calculation of the bicoherence [14] [15] [16] [17] . The general (triple) bicoherence of three signals f (t), g(t) and h(t) is defined as
wheref (ω) is the Fourier transform of f (t), the star indicates the complex conjugate and the angular brackets refer to an average over equivalent realizations. The equivalent realizations are obtained by assuming the system is in steady state and averaging over successive time sections. The value of b 2 is bounded between 0 and 1, so that a high value indicates wave-wave coupling between the two base frequencies ω 1 and ω 2 and their sum frequency. The standard cross bicoherence is the quantity b As a practical note, we stress that it is necessary to perform the Fourier transforms in the above expression with some care, in order to avoid unphysical results due to signal offsets and drifts. Prior to each Fourier transform, the data of the corresponding time window are corrected by subtracting the mean and applying an appropriate tapering window. If these precautions are not taken, characteristic horizontal and diagonal lines appear at low frequencies in the twodimensional bicoherence diagram, leading to contamination of the bicoherence quantifiers described below.
Due to the interchange symmetry of ω 1 and ω 2 in the calculation of the auto-bicoherence, the region of the ω 1 -ω 2 plane with independent information is delimited by the inequality |ω 1 | |ω 2 |. Furthermore, the sampling theorem limits all frequencies to values below the Nyquist frequency:
These inequalities delimit the characteristic polygonal area in which the bicoherence is usually represented.
We will also report the 'summed bicoherence', defined as
and the 'total bicoherence', defined as
where the sums are taken over the cited area in the ω 1 -ω 2 space and N is the number of elements in the sums. Since the bicoherence itself is normalized between 0 and 1, the value of the summed and total bicoherence is also limited to this range. Even so, their value depends on the frequency resolution used to perform the calculations, a sharp spike in b 2 (ω 1 , ω 2 ) (a delta function) contributing to the summed bicoherence in proportion to the area in the ω 1 -ω 2 space occupied by a frequency grid element. Thus, the summed and total bicoherence are useful quantities to summarize the data, but their values should not be assigned any absolute meaning, since they are dependent on the details of the analysis procedure. We will also make use of the low-frequency total bicoherence, which has the same definition as the total bicoherence above, except that the sums are taken over all frequencies smaller than some maximum frequency ω max < ω N .
To judge the relevance of a bicoherence value, it is compared with the expectation value of the bicoherence under the assumption that the signal is uncorrelated random noise (called the 'statistical error level', ). This value is estimated in [18] .
Apart from the bicoherence, we will also make use of the standard (linear) coherence between two signals, defined as
Finally, we will also report the temporal asymmetry A of a signal f (t), defined as [19] 
where the angular brackets refer to a temporal average, f t = ∂f/∂t, and σ (g) is the standard deviation of g(t). For a signal that is fluctuating around a mean value, A > 0 implies that the rise time of f (t) is shorter, on average, than its decay time. When A < 0, the rise time is longer than the decay time. This type of analysis is useful for studying relaxation-type phenomena.
To perform these analyses, we first select a time interval t, much longer than the sampling time interval of the data. We then analyse the set of time windows t i t t i+1 = t i + t for a given set of t i s. We will refer to the time interval t as the time resolution of the analysis. For the (bi)coherence analysis, the available amount of data points in the interval t (say N) is subdivided into M subintervals of 2 k+1 points each so that M2 k+1 N . For each of those M intervals (or independent realizations), a fast Fourier transform is computed, thus allowing the evaluation of the (bi)coherence according to equation (1) or equation (4) by averaging over M. The number 2 k is called the frequency resolution and is chosen by balancing the need for a good resolution of frequencies (high k) and good statistics (high M).
Biasing experiments
To perform the biasing experiments, a biasing electrode was inserted about 2 cm into the plasma and biased with respect to a poloidal limiter tangent to the last closed flux surface (LCFS). Reference [1] provides more information about this type of experiments. Measurements were taken with the triple Langmuir probe described above. On a shot-by-shot basis, the radial probe position ρ = r/a was varied (r being an effective radius, r = a √ ψ, where a is the plasma minor radius and ψ the normalized poloidal flux). Biasing was applied in the time window 1100 < t < 1150 ms (for the shots having ρ < 0.99) or 1100 < t < 1170 ms (for the shots having ρ 0.99). A selection of raw data is shown in figure 2 .
The auto-bicoherence was computed for
sat , E θ and , with different temporal and frequency resolutions. Similar computations were made for various signal combinations (yielding cross bicoherence estimates), involving, e.g., estimates of the radial and poloidal electric fields. Here we present a selection of the most significant results. We note that the time trace of the auto-bicoherence of I sat shows no significant time variation at all, i.e. the autobicoherence of I sat is not sensitive to biasing. This contrast with the results reported below reinforces the confidence that the bicoherence is not due to some instrumental effect that would affect all raw probe data equally. The auto-bicoherence traces of the floating potentials V 1,2 f did show a significant time variation, but it was observed that the signals were contaminated by a weak low-frequency mode (at 1.07 kHz), related to the regulation system of the power supply of the magnetic field coils, so that these signals were discarded for further analysis. It is noted that E θ , in particular, was largely free from this contamination due to the cancellation implied by
To put the following results into context, in figure 3 we show the root of mean square (RMS) variation of E θ versus time and position, normalized to the mean RMS of the same data over the whole time window shown. Recall that each position corresponds to a different discharge (cf figure 2). It is clearly seen how RMS(E θ )/ RMS(E θ ) is reduced during the biasing across all radii. The fluctuation level is high after the biasing is switched off, because the density has risen during biasing (and therefore the associated fluctuation level). Afterwards, the fluctuation level decays as the density decays.
A typical result for the bicoherence of E θ at a radial position and in a time window with high bicoherence (during biasing) is shown in figure 4 . We note that high values of the bicoherence are mainly concentrated at relatively low frequencies. Figure 5 shows the summed auto-bicoherence (cf equation (2)) for the same data selection, along with the summed auto-bicoherence computed in a later time window (after biasing) and the corresponding statistical error level. This plot shows that the auto-bicoherence is statistically significant at this radial position during biasing, at least for relatively low frequencies, while it is not so after biasing is switched off.
The high values of the two-dimensional bicoherence (equation (1)) in a period of relatively high total bicoherence are always concentrated in the low-frequency range with |f 1 |, |f 2 |, |f 1 + f 2 | < 250 kHz. This justifies the calculation of the total bicoherence using the expression of equation (3) while summing only over the frequencies below this limit. In the following, we will refer to results computed using this restriction to frequencies below 250 kHz as 'low-frequency' results. Performing this analysis for the shots shown in figure 2 , we evaluate the total low-frequency bicoherence versus time and space. The result is shown in figure 6 . The response to the biasing, applied between 1100 and 1150 ms for ρ < 0.99 (or between 1100 and 1170 ms for ρ 0.99), is clearly visible in the radial range 0.9 < ρ < 1. The fact that the bicoherence is high across several radial positions and independent analysis time windows heightens our confidence in the significance of these results. Note that this is also the radial range where the biasing potential produces a gradient in the floating potential, as can be seen directly from the floating potential measurements (figure 2). Recall that the biasing electrode was inserted about 2 cm into the plasma, i.e. the biasing voltage is applied at ρ 0.9. High values of the bicoherence occurring in the scrape-off layer (SOL) region (ρ > 1) are presumably due to the very different nature of transport here, as compared with the confinement region (ρ < 1); cf [19] . The interpretation of the SOL values is outside the scope of this paper. This plot clearly suggests that the applied external biasing induces three-wave coupling, detected by the bicoherence, in a narrow radial range (presumably, the flow shear layer). Comparing this plot with figure 3, it is evident that the detected bicoherence is not just caused by a reduction in turbulence, for the turbulence is reduced over a broad radial range and the bicoherence is only increased in a narrow range. Conversely, it is evident that the turbulence is suppressed in a far wider radial range than the range where the bicoherence is high.
It is interesting, in view of the discussion later in this paper, to compute the temporal asymmetry A of the E θ fluctuation waveforms (cf equation (5)). The result is shown in figure 7 . In the radial range 0.9 < ρ < 0.94, the signal shows a significant (positive) asymmetry during biasing, different from the asymmetry either before or after the biasing time interval. Note that this radial range does not coincide exactly with the region of maximum bicoherence and overlaps only partially. At this time, no theoretical explanation can be provided for this observation, but the detection of a significant change in the asymmetry is obviously related to the existence or modification of relaxation-type oscillations, possibly associated with a transport barrier.
Theory suggests that shear (or zonal) flow can be produced via three-wave coupling between the radial and poloidal fluctuating velocities (ṽ r andṽ θ ) and the shear (or zonal) flow itself, via the Reynolds stress mechanism [3] . If this is true, thenṽ r andṽ θ must be correlated via the flow at times when the flow is significant, i.e. the frequencies ω r (corresponding toṽ r ) and ω θ (corresponding toṽ θ ) are coupled to ω f (corresponding to the flow). Thus, for frequencies |ω r |, |ω θ | |ω f |, one would expect, naively, to see a certain degree of linear correlation betweenṽ r andṽ θ . These velocities are not directly measured by the probes, but the poloidal and radial electric fields (E θ and E r ) are, and these are closely related to the cited velocities via the Lorentz force equation. In figure 8 the coherence spectrum γ (E θ , E r ) versus time is shown for discharge 16011 (ρ = 0.89). Indeed, the biasing produces a sharp increase in the coherence between E θ and E r in the frequency range 100 < f < 250 kHz and also at a low frequency (possibly related to the shear or zonal flow frequency). This low frequency is not well resolved in this figure, but occurs around 10 kHz (as deduced from a high-resolution Fourier spectrum calculated in the biasing time interval). Even though the calculation of E r suffers from the drawbacks mentioned in section 2, and E θ and E r are computed using a common probe pin, the time evolution of the coherence spectrum seems to suggest that these results are qualitatively significant, and they corroborate the interpretation of the results in terms of the sheared flow model. We note that the particle flux is also affected by the biasing, as evidenced via an enhancement of the correlation between I sat and the floating potential (for more information on this issue, refer to [20] ).
To understand the radial dependence of the coherence, the frequency-averaged coherence, γ , was computed, while averaging only over the frequencies deemed most significant on the basis of the preceding figure (50 < f < 250 kHz). The result is shown in figure 9 . Evidently, the coherence γ (E θ , E r ) responds sharply and strongly to the applied biasing over the whole radial range covered by the probe scan (except in the SOL, ρ > 1). This is in sharp contrast to the response of the bicoherence, shown in figure 6 , that responds only in a narrow radial range. Thus, the bicoherence clearly provides information not contained in the linear analysis.
Spontaneous transitions
Spontaneous confinement transitions are routinely observed at TJ-II [1, 21] . As the line average density increases, a velocity shear layer is generated at the edge of the plasma, leading to turbulence suppression and confinement improvement. The transition to improved confinement occurs near a specific value of the line average density (gradient). The transition point itself is characterized by, among others, relatively large values of local fluctuation levels [1, 22] . The transition point is also a point where (the radial derivative of) the radial electric field, E r , and the poloidal flow velocity, v θ , are near zero. For line average density values above this transition point, turbulence levels are lower, and (energy and particle) confinement is improved with respect to values below the transition point. Actually, as we will see, the transition is not as sharp as the word 'point' suggests.
The critical value of the line average density, marking the transition, depends in a specific way on certain plasma parameters [22] [23] [24] . It may be assumed that the 'true' critical parameter underlying the transition is some local plasma parameter for which the line average density (easily accessible experimentally) acts as a proxy. This local parameter might be, e.g. the (normalized) density or pressure gradient, at a specific radial position in geometric or magnetic co-ordinates (e.g. associated with a specific value of the rotational transform) or the (particle) flux [12] . However, this discussion is outside the scope of this paper. Here, we will limit ourselves to exploring the response of the bicoherence, calculated for various signals, as the line average density is varied.
We have analysed a set of discharges in which the plasma density evolves slowly, triggering a confinement transition as a critical value of the line integrated density is exceeded and the corresponding back-transition as the line integrated density decays [1, 12] . These discharges are 12378 (TJ-II magnetic configuration 100 44 64, ρ = 0.91) and the series (configuration 100 40 63) 12890 (ρ = 0.87), 12894 (ρ = 0.98), 12895 (ρ = 0.94), 12896 (ρ = 0.92) and 12897 (ρ = 1.03). The differences in magnetic configuration are small and do not affect the results presented here. During the enhanced confinement phase, the RMS variation of the experimental signals (such as I sat ) is reduced with respect to the normal confinement phase (see [1] ).
Since the density goes up first and then decays, there are two passages through the critical point in these discharges. Here and in the following, the line average density is given in units of 10 19 m −3 . The total bicoherence was again calculated for low frequencies (f < 250 kHz). From the previous section we have learned that high auto-bicoherence values are concentrated in a narrow radial range. Indeed we find that the bicoherence responds only very weakly, except in the case of discharge 12890 (ρ = 0.87, virtually coincident with the approximate location of the spontaneous velocity shear layer reported in [1] ). This radial position is different from the position of maximum bicoherence in the biasing cases (previous section), which may either be ascribed to the different discharge conditions (e.g. the density is much higher here) or to the fact that the location of the biasing electrode dictates the shear layer position in the biasing experiments. The top panel of figure 10 shows the evolution of the line average density and the poloidal phase velocity (calculated from the floating potential measured at poloidally separated probe pins). dashed lines) are characterized by an increased RMS level (in agreement with the results reported in [1] ). At both the forward and the backward transition, the transition is observed not to be sharp, but to last between 25 and 35 ms (the width of the RMS(E θ ) maxima). In the improved state (between the dashed lines), the RMS fluctuation level drops. In this case, the fluctuation level does not drop to values below the low confinement state, because the plasma makes a back-transition before this can happen. The central panel also shows the temporal asymmetry A of E θ (cf equation (5)). While the asymmetry is small outside the improved confinement time interval, it is large and negative inside it. In the time interval corresponding to the improved state, the bicoherence (bottom panel) reaches a level that is 3-4 times above the level outside of this time interval. The rising and falling flanks of the bicoherence traces correspond to the maxima of RMS(E θ ). Evidently, the increase in the bicoherence is synchronized with the change in temporal asymmetry of the waveform, although this does not necessarily imply a causal relationship, as discussed in the previous section.
A second set of spontaneous transition experiments was performed at a later date (reflected by much higher discharge numbers). Two of the results are shown in figures 11 and 12. As in the preceding experiment, significant bicoherence was only observed for probe locations in a quite narrow radial range close to the edge. Even so, the two discharges shown here show significant bicoherence during the transition (characterized here by the increased value of RMS(E θ )), and thus serve to confirm the reproducibility of the results reported above regarding spontaneous transitions.
The corresponding two-dimensional auto-bicoherence plots of E θ are shown in figure 13 . As in the biasing case, the significant values of the bicoherence are mostly concentrated at relatively low frequencies. However, horizontal and diagonal lines are observed in the graph, indicating the coupling of a wide range of frequencies to a low frequency. As has been signalled by other authors, this is expected to occur when a zonal or shear flow is present and coupled to turbulence [5, 9, 10] .
Results from 5 similar shots from this same series at different radial probe positions are summarized in figure 14 . The confinement transitions, being spontaneous, do not occur exactly at the same time for all radial positions of the probe, but with an error of 5 ms, they occur near t 1110 ms (forward transition) and t 1160 ms (backward transition). Within this time interval, confinement is improved. The response of the bicoherence is concentrated in the radial range 0.89 < ρ < 0.94.
Discussion and conclusions
First, we note that not all diagnostic signals studied can be fruitfully exploited for the detection of bicoherence. This has been noted before by other authors (e.g. [8] ), and it is not obvious a priori what type of experimental measurements will provide the most useful data for analysis by this technique. This may be related to the details of the probe set-up and alignment with the magnetic field (if applicable), probe shading by artefacts, etc. Here, it was the E θ signal that turned out to be most useful, perhaps related to the fact that E θ is computed from the difference in two floating potentials measured at nearby positions, thus resulting in an effective suppression of external noise.
Second, we note that the basic structure of the twodimensional bicoherence (of E θ ), equation (1) , in all cases studied here (related to forced or spontaneous transitions) is always concentrated at relatively low frequencies, f < 250 kHz. Only in the spontaneous transition cases, horizontal and diagonal lines are observed in the two-dimensional auto-bicoherence plots (and not in the biasing cases).
Regarding the behaviour of the bicoherence, we note the following.
During biasing, the auto-bicoherence (of E θ ) is high, but only in a narrow radial range, presumably associated with the location of the flow shear layer. This contrasts sharply with the behaviour of the fluctuation level, RMS(E θ ), and the linear coherence γ (E θ , E r ): while the latter respond sharply to external biasing, they do so over a very wide radial range.
During the spontaneous improved confinement state, the auto-bicoherence (of E θ ) increases, but again only in a narrow radial range, while the fluctuation levels (of I sat or E θ ) drop. The location of the bicoherence maximum during the spontaneous improved state is slightly different (ρ 0.9) than the corresponding location during biasing (0.9 < ρ < 1). In part, this can be ascribed to the different plasma conditions (e.g. a different electron density), and in part, to the fact that the location of the biasing probe dictates the location of the shear layer in the biasing experiments, whereas it is 'free' in the case of the spontaneous transitions.
We have observed changes in relaxation-type oscillations of the E θ waveform, quantified by means of the asymmetry A. During the biasing experiments, the region where these relaxation-type oscillations were modified sharply was located inwards from the position where the bicoherence was maximal. Thus, the detected high values of the bicoherence are not merely due to an asymmetric waveform of the data, as has sometimes been suggested. It is speculated that the existence of a significant change in signal asymmetry is related to a profile self-regulation mechanism, operative in the presence of a transport barrier created via the sheared flow mechanism.
In the framework of the canonical shear (or zonal) flow model, the observations on the spontaneous confinement transitions might be interpreted as follows: as the density (gradient) rises, the instability level of the plasma (turbulence amplitude) increases due to the increased free energy available. When the fluctuation level is sufficiently high, a Reynolds stress driven inverse cascade develops, by means of which spectral power is transferred from high to low wave-numbers (k), creating a net poloidal flow v θ and a corresponding radial electric field E r . The action of Reynolds stress and the spectral power transfer imply the existence of three-wave mode coupling, which is detected by the reported bicoherence. The horizontal and diagonal lines in the twodimensional plots seem to suggest the existence of a coupling between high frequencies (turbulence) and a low frequency (the shear or zonal flow). As the density keeps increasing, ever more power is transferred from the high-frequency to the lowfrequency part of the turbulent spectrum, leading to the growth of the radial electric field and a concomitant partial quenching of the total fluctuation amplitude (as most of the power is now in the laminar flow part of the spectrum). In this situation, the bicoherence is maximal. While this interpretation is mostly speculative and would require further detailed confirmation (e.g. via direct measurement of the Reynolds stress), it is consistent with the reported observations.
Regarding the forced transitions (using external biasing), the interpretation would be fully analogous except for the fact that the radial electric field is now imposed externally. This externally imposed electric field then creates a corresponding poloidal flow and a confinement improvement by turbulence suppression (via eddy stretching [25] ). Apparently, this situation also leads to a corresponding Reynolds stress. The associated mode coupling is detected by the bicoherence. However, the absence of lines in the two-dimensional bicoherence plot suggests that in the biasing case, no inverse cascade is taking place linking the high-frequency turbulence to the low-frequency oscillations.
If we interpret the detected high bicoherence values as being caused by Reynolds stress, we deduce from the comparison between the spontaneous transitions and biasing experiments that the statements that the Reynolds stress generates the radial electric field or that the radial electric field generates the Reynolds stress are both true. It is therefore perhaps more appropriate to say that the Reynolds stress and the radial electric field are linked in a feedback loop or that the plasma is in a self-regulating state.
